The acquisition and early maturation of infant microbiota is not well understood despite its likely influence on later health. We investigated the contribution of the maternal microbiota to the microbiota of infant gut and nose in the context of mode of delivery and feeding. Using 16S rRNA sequencing and specific qPCR, we profiled microbiota of 42 mother-infant pairs from the GUSTO birth cohort, at body sites including maternal vagina, rectum and skin; and infant stool and nose. In our study, overlap between maternal vaginal microbiota and infant faecal microbiota was minimal, while the similarity between maternal rectal microbiota and infant microbiota was more pronounced. However, an infant's nasal and gut microbiota were no more similar to that of its own mother, than to that of unrelated mothers. These findings were independent of delivery mode. We conclude that the transfer of maternal vaginal microbes play a minor role in seeding infant stool microbiota. Transfer of maternal rectal microbiota could play a larger role in seeding infant stool microbiota, but approaches other than the generally used analyses of community similarity measures are likely to be needed to quantify bacterial transmission. We confirmed the clear difference between microbiota of infants born by Caesarean section compared to vaginally delivered infants and the impact of feeding mode on infant gut microbiota. Only vaginally delivered, fully breastfed infants had gut microbiota dominated by Bifidobacteria. Our data suggest that reduced transfer of maternal vaginal microbial is not the main mechanism underlying the differential infant microbiota composition associated with Caesarean delivery. The sources of a large proportion of infant microbiota could not be identified in maternal microbiota, and the sources of seeding of infant gut and nasal microbiota remain to be elucidated.
Introduction
The microbiota of human body sites is thought to exert profound influence on the physiology, health and disease of its human host. At the moment of birth, a healthy new-born transits from a generally sterile environment to extensive microbial exposure. The gut microbiota has received more attention than other body sites because of its sheer size (Huttenhower et al., 2012) and demonstrated impact on its human host. Some of the clearest evidence concerns necrotizing enterocolitis (NEC) in premature infants, where gut microbiota composition is highly predictive of disease (Sim et al., 2015; Warner et al., 2016) . Emerging evidence suggests that the differential acquisition and maturation of gut microbiota in healthy infants may have consequences for health later in life (Arrieta et al., 2015; Bisgaard et al., 2011; Dogra et al., 2015; Korpela et al., 2016) . The microbiome of the upper respiratory tract, which contains the second most abundant bacterial population in the human body, has been less explored. In infants the respiratory microbiome may be particularly important, as the upper respiratory tract is the site of many infections, which are one of the main health concerns at this life stage. The respiratory tract microbiome is increasingly considered to play an important role as modulator of respiratory infections as well as other respiratory disorders, such as wheezing and asthma (Bisgaard et al., 2007; Teo et al., 2015; Van den Bergh et al., 2012) .
The infant microbiome derives from the immediate environment and the colonising microbes must be able to persist on or in the body. Thus members of immediate family are thought to be the most likely source of the microbes that colonise neonates (Bäckhed et al., 2015; Dominguez-Bello et al., 2010) . Other sources remain poorly understood. After the initial microbial inoculum has been acquired, selection will occur within the infant body. While some infant body niches might provide relatively similar growth conditions for the microbes transmitted by adults (putatively the upper respiratory tract), some differ radically. For instance, the bacteria in the infant gut receive a very specific food substrate in form of breast milk or infant formula, and infant gut microbiota is radically different to adults' (Yatsunenko et al., 2012) .
The strong influence of delivery and feeding modes on infant gut microbiota composition has been demonstrated (Adlerberth and Wold, 2009; Azad et al., 2015; Bäckhed et al., 2015; Bokulich et al., 2016) . The impact of the delivery mode is the most pronounced in the first days and weeks of life (Dogra et al., 2015; Stokholm et al., 2016) . In the very first days and weeks of an infant's life, his or her gut microbiota often undergoes substantial fluctuations in composition. Transient presence of bacteria that are unable to propagate and permanently colonise may be thought of little relevance. However, there is mounting evidence that microbe-host interactions are crucial for the processes of immune maturation taking place soon after birth (Gensollen et al., 2016) . It can thus be hypothesised that patterns of even transient early microbial contact may have far reaching physiological consequences, not necessarily evident as a lasting influence on microbiota composition.
Here we characterised the microbiota of 42 mother-infant pairs from the Growing Up in Singapore Towards healthy Outcomes (GUSTO) birth cohort (Soh et al., 2014) by 16S rRNA gene sequencing. Microbiota from the vagina, rectum and skin of mothers as well as from infant stool and nose were investigated. The impacts of delivery mode and feeding mode on the first stages of colonisation and establishment of gut and nasal microbiota are described, along with the role of maternal microbiota in seeding of infant gut and nasal microbiota.
Material and methods

Subjects
From the GUSTO birth cohort (Soh et al., 2014) , we selected a sub-group of 42 mother-infant pairs. All consecutive participants recruited between July and September 2010 were asked to participate in this part of the study. This study was approved by both the National Healthcare Group Domain Specific Review Board (reference no. D/09/021) and the Sing Health Centralized Institutional Review Board (reference no. 2009/280/D). All of the participating mothers provided written informed consent. Subject characteristics are given in Table 1 . The mothers and infants in this study were healthy, and of normal gestational age (Table 1) . Infants and mothers reported no medical problems during the study period except one case of duodenal atresia that was surgically repaired and one case of transient tachypnea that needed no treatment. We considered that infants with these conditions represent usual variability of the population and should not be excluded from the study. Mother-infant pairs spent on average 2.1 days in the hospital from the delivery to the discharge and it is usual for infants to be roomed with their mothers, although we did not record if there were occasional periods of separation. At 1 min, the average Apgar score was 8.7, and at 5 min it was 9 for all infants The rate of Caesarean section of 19% is lower than typical rates for Singapore, because complicated deliveries were underrepresented due to logistic reasons. All cases of Caesarean section were elective (unlaboured). Disinfection of the maternal perineum by external swabbing with 2% chlorhexidine gluconate solution just before vaginal delivery was routinely practiced. The maternal vaginal and rectal swabs were taken before disinfection was done. None of the infants received antibiotics apart from the infant who required surgery for duodenal atresia. Otherwise, the mother-infant pairs in this study were similar to the larger GUSTO cohort. Most infants were mix-fed with breastfeeding supplemented with formula. Participants in the study were not provided with advice on the choice of infant milk formula. Consequently, the infants were fed a large range of different formulas, including brands containing probiotics (around a third of infants received them). Samples were collected from the rectum, vagina and breast skin of the mother at delivery. In infants, nasal samples were collected at birth and at 3 weeks old, while stool samples were collected at 3 days old and 3 weeks old. Apart from stool samples, the collection was performed with transport system swabs (Copan, Brescia, Italy). The samples were frozen immediately after collection.
16S rRNA sequencing and qPCR
Overall, 239 samples were collected from 42 motherinfant pairs. A complete set of samples was not available for all subjects because of issues with logistics and subjects dropping out of the study. Processing of the biological samples, and generation of 16S rRNA sequencing data was as described in (Bokulich et al., 2013; Dogra et al., 2015) . Briefly, the variable regions V4-V5-V6 (V456) of the 16S rRNA gene were used to characterise the microbiota by the barcoded-primer approach to multiplex pyrosequencing. Raw sequence data were analysed using Mothur v.1.33.0 (Schloss et al., 2009 ) and QIIME v.1.8 (Caporaso et al., 2010) software packages. Pyrosequencing reads were denoised with the Mothur implementation of PyroNoise (Quince et al., 2009) according to the 454 SOP described in (Schloss et al., 2009) . Chimeras were identified using usearch61 in QIIME (Edgar et al., 2011) . The sequences were then trimmed as described in the Mothur 454 SOP in order to keep sequences overlapping the same 16S region. Subsequent analytical steps were performed in QIIME. Operational taxonomic units (OTUs) de novo picking at 97% identity was performed using uclust (Edgar, 2010) . Taxonomy assignment of OTU representative sequences used the RDP Classifier with confidence threshold of 0.6 (Wang et al., 2007) on the Greengenes reference database v.13.8 (McDonald et al., 2012) . After quality filtering (Bokulich et al., 2013) , similarities between all samples were computed as Binary Jaccard (for similarity in community membership) or Bray Curtis (for similarity in community structure) distances using OTUs (the lowest discriminant units with this technology). Diversity analyses were calculated in QIIME on data rarefied at 200 reads per sample. This led to exclusion of three samples with lower number of sequencing reads.
Microbiota composition could be evaluated in 168 samples, 70% of the total. This led to the exclusion of two motherinfant pairs from any analyses. A total of 174,827 sequencing reads were obtained and 436 OTUs were identified. Given the diversity of the sample set, a relatively low number of OTU indicated that majority of them were genuine. Rectal samples were shown to closely approximate the stool samples (David et al., 2015) . This was the case in our study, where typical adult stool taxa were identified including Bacteroides, Prevotella, Erysipelotrichaceae, Table S1 ). The success rate of obtaining interpretable sequencing data varied among different niches with the greatest success for maternal rectal and vaginal, and infant stool samples, reduced success for infant nasal samples at 3 weeks old, and limited success for maternal breast skin and infant nasal samples at birth (Supplementary Table S2 ). The most likely explanation for this variability is very differential abundance of bacterial DNA ( Figure 1A ).
The impact of feeding mode on nasal microbiota could not be evaluated because there were only four samples from exclusively breastfed infants where microbiota could be assessed at day 3. Similarly, the impact of delivery mode on nasal microbiota at birth could not be evaluated because only one sample from Caesarean section delivered infant was available (Supplementary Table S2 ). To determine whether the samples differed in overall microbiota composition, permutation-based analysis of variance was applied (permanova). Quantitative PCR on total bacteria, Staphylococcus aureus and total lactobacilli were performed according to published methods (Alarcón et al., 2006; Nadkarni et al., 2002; Penders et al., 2006) . The bacterial loads were compared with Mann-Whitney test. Accession number to sequencing data deposited in the GenBank Short Read Archive is SRP081351.
Results
Microbiota abundance and composition differed between sample types.
The microbiota sampled from different body sites at different time points differed both in bacterial abundance ( Figure 1A ) and composition (Figures 1B-C). Despite high variability among individuals at the same site, the difference in composition between sample sites was highly significant ( Figure 1B , permanova, P<0.001). The body sites were strongly differentiated ( Figure 1C , Mann Whitney test on Bay Curtis distances, P<0.001). In pairwise comparison, the only sites which could not be differentiated based on Bray-Curtis distances analyses, reflecting similarities in their community structures, were maternal breast skin and infant nasal samples at week 3, and infant stool samples collected at day 3 and week 3 ( Figure 1C , Mann-Whitney test on Bay Curtis distances, P=0.72).
The maternal vaginal microbiota was dominated by lactobacilli, while the rectal microbiota was more diverse, with Prevotella, Bacteroides and Escherichia among the dominant genera. Breast skin microbiota mostly consisted of Staphylococcus and Corynebacterium ( Figure 1B ). For the maternal samples, total bacterial load (expressed as genome equivalent per ml sample) was highest in the rectal and vaginal samples, and lowest in the breast skin samples ( Figure 1A ).
Infant stool microbiota at day 3 consisted mainly of Bifidobacterium, Streptococcus, Klebsiella and Escherichia, with dominance of Bifidobacterium established by week 3 ( Figure 1B ). Between day 3 and week 3, there was a small but significant change in stool microbiota composition ( Figure 1B , permanova, P=0.028), however, the dissimilarity in terms of Bray Curtis distances distributions was not significant (Supplementary Table S3 The potentially pathogenic S. aureus could not be detected in the investigated maternal body sites when 35 rectal samples, 32 vaginal samples and 29 of breast skin samples were assessed by qPCR. The prevalence of S. aureus in nasal samples of the infants increased from 6/40 (15%) at birth to 22/32 (69%) at 3 weeks old. 
Association of delivery mode and feeding with infant gut microbiota composition
Both delivery mode and feeding mode were associated with differences in the overall composition of infant stool microbiota at day 3 (permanova, delivery P=0.003; feeding P<0.001, Mann Whitney test on Bray Curtis distances distributions, delivery P<0.001; feeding P=0.002).
We compared the stool microbiota of the eight vaginally delivered and exclusively breastfed (V-B) infants with the ten who were vaginally delivered and mix-fed (V-M, Figure  2A ). Mixed feeding resulted in decreased Bifidobacterium and increased Enterobacteriaceae, Klebsiella, Escherichia., and Streptococcus contribution while the proportion of Bacteroides remained unchanged.
Comparison of ten V-M and eight Caesarean-section delivered and mix-fed (C-M) infants allowed us to assess the impact of Caesarean section among those who were mix-fed. C-M infants showed lower Bifidobacterium levels compared to V-M, larger proportions of Klebsiella, and complete lack of Bacteroides. In this dataset, none of the infants delivered by Caesarean section were exclusively breastfed (Table 1) , preventing comparison of breastfeeding with mixed feeding within the Caesarean section delivered group. Also, our dataset contained just two infants that were exclusively formula-fed so we could not perform comparisons to a formula fed only group. There were no significant differences in gestational age and infant birth length and weight among the V-M, V-B and C-M groups (Supplementary Table S4 ). Despite considerable differences in composition, the delivery and feeding modes had no significant impact on bacterial load in stool at Day 3 ( Figure  2B ).
Similarity between infant and maternal microbiota by mode of delivery
There was very little resemblance of the initial infant microbiota at any site to the microbiota of any of the maternal body sites ( Figure 1B and 1C) . The distances were close to 1, which represents the largest possible dissimilarity. Similarity of infant stool microbiota to maternal rectal microbiota was slightly greater than the similarity to maternal skin or vaginal microbiota (Supplementary Table S3 ). The magnitude of changes in similarity between maternal and infant microbiota over the study period was small, with the exception of increase of similarity between microbiota of maternal skin at delivery and infant nose collected at birth and at week 3 (Supplementary Table S5 ).
Nevertheless, the similarities in community membership between microbiotas of maternal sites and of infant stool were associated with delivery mode. Caesarean section was associated with a reduction of shared microbiota (i.e. greater distance) between maternal rectum and infant stool at day 3, compared to vaginal delivery ( Figure 3A , Supplementary  Table S6 ). There was no effect of delivery mode on similarity to vaginal microbiota ( Figure 3A, Supplementary Table S6 ). On the other hand, there was a trend for greater similarity between the microbiota of maternal skin and infant stool for Caesarean section delivered infants compared to vaginally delivered infants ( Figure 3A, Supplementary Table S6 ).
At week 3, the resemblance in community membership between infant stool and maternal rectal microbiota was no longer impacted by the mode of delivery, as the distance between maternal rectal samples and the stools of Caesarean section delivered infants had decreased (compare Figures 3A vs 3B, Supplementary Table S5 ). There was still no significant difference by delivery mode in the distances between the microbiota of week 3 infant stool samples and maternal vagina. Also at week 3, the shared membership between infant stool microbiota and maternal skin microbiota became significantly greater in Caesarean section delivered infants compared to vaginally delivered infants ( Figure 3B , Supplementary Table S7) .
Only one nasal sample was available for Caesarean section delivered infants at birth, so data is not shown. At week 3, the resemblance between maternal rectal and skin and nasal microbiota did not significantly differ according to the delivery mode ( Figure 3C , Supplementary Table S8 ). In contrast, the similarity to maternal vaginal microbiota was significantly greater for vaginally delivered infants compared to Caesarean section delivered infants ( Figure  3C , Supplementary Table S8) .
Similarity between infant and maternal microbiota within mother-infant pairs is not greater than across unrelated mothers and infants
It would be tempting to postulate that the observed pattern of decreased resemblance between rectal and vaginal maternal microbiota to infant stool and nasal microbiota following Caesarean delivery, was the result of reduced microbiota transfer from the mother.
However, the infant stool microbiota did not share more community members with the microbiota of their own mothers than with the microbiota of unrelated mothers at any of the maternal sites ( Figure 4A -D, Supplementary Tables S9-S12). This was true for all considered time points and whether vaginally and Caesarean-section delivered infants were considered separately or both groups were pooled (Supplementary Tables S9-S12 ).
Minor proportion of infant gut microbiota is shared with maternal vaginal microbiota
To further elucidate the role of maternal microbiota as the source of microbial inoculum for the infant, we have calculated the proportions of OTUs detected in the infant stool samples that were shared with the microbiota of their own mothers. We limited this analysis to maternal rectal and vaginal samples and excluded breast skin samples because of low bacterial abundance resulting in low sequencing success for these samples (Supplementary Table S2 ) as well as overall high dissimilarity of microbiota of breast skin samples and infant stool samples (Supplementary Table S3 ).
More than 50% of OTUs identified in all the infant stool samples at day 3 were not observed in either rectal or vaginal maternal microbiota ( Figure 5 ). However, there was a large degree of inter-individual variation: for one infant all the OTUs in its day 3 gut microbiota were also found in the maternal rectum, vagina or both; and for three infants none of the OTUs in their day 3 gut microbiota were found in the maternal samples. There were no significant differences in degree of shared microbiota between VD and CS infants (MannWhitney test on proportion of shared OTUs, ns). The degree of overlap between infant and mother microbiota was larger for the maternal rectal than for vaginal microbiota (Mann-Whitney test, P=0.004 for CS and VD pooled; P=0.06 for VD; P=0.15 for CS).
Our analysis might have been restricted by limited sequencing depth and consequent limited ability to detect low-abundance taxa. We therefore supplemented our approach by more detailed quantitative analysis of lactobacilli which were the most dominant taxon in maternal vaginal samples. Quantification of total lactobacilli by qPCR in infant stool samples collected at day 3 revealed absence of lactobacilli. A minor proportion of nasal samples at birth contained low numbers of lactobacilli, while they were present in most vaginal samples in large numbers (Supplementary Figure S3) .
Discussion
In agreement with earlier studies, we observed that microbiota residing in different body sites were highly differentiated (Chu et al., 2017; Huttenhower et al., 2012) . This differentiation was already clear in 3 day old infants and very pronounced in 3 week old infants. Such strong differentiation suggests that the physiology and nutrients of the niche encountered by bacteria have decisive effects on microbiota composition. Counter-intuitive to the concept of maternal vaginal seeding of neonatal microbiota, initial infant faecal and nasal microbiota was highly dissimilar to microbiota at all three sampled maternal sites. Indeed, dissimilarity to 3 day old microbiota was greatest for maternal vaginal microbiota. However, at week 3, the infant nasal microbiota and maternal breast skin microbiota converged to become the most similar pair among all sample types. We suggest that this convergent process is driven by similar environmental conditions at the two body sites. Increase in bacterial load and decrease in within sample diversity between birth and week 3 may reflect quick elimination of most taxa unable to survive in the nose.
The impact of delivery mode and feeding mode on infant faecal microbiota were unambiguous, and consistent with earlier studies (Adlerberth and Wold, 2009; Bäckhed et al., 2015; Bokulich et al., 2016; Madan et al., 2016) . The differences between vaginally delivered and Caesareansection delivered infants are apparent in early days and weeks and diminish with time (Dogra et al., 2015; Stokholm et al., 2016) , which may explain the relatively minor effects reported in some studies (Chu et al., 2017) . Vaginally delivered, breastfed infants had microbiota dominated by bifidobacteria. Compared to exclusive breastfeeding, partial formula feeding led to an increase in Enterobacteriaceae and streptococci at the expense of bifidobacteria, as early as day 3. Consistent with earlier studies (Azad et al., 2013; Bäckhed et al., 2015; Madan et al., 2016) , Caesarean-section was associated with strong reduction of Bacteroides. In this sample set, none of the infants delivered by Caesarean section were exclusively breastfed, which likely reflects clinical reality in this population; also elsewhere Caesarean section is associated with lower rates of breastfeeding, e.g. (Prior et al., 2012) . All of the Caesarean section deliveries in this study were performed before the onset of labour, so there was no exposure of the neonates to the vaginal microbiome (Prior et al., 2012) .
It has been suggested that distinct exposure to the maternal microbiome experienced in vaginal and Caesarean section deliveries drives the effect of the delivery mode on neonatal microbiomes. If the mother provides the seed for microbes colonising the neonate, it follows that mother-infant pairs should display greater resemblance of infant microbiota in comparison with unrelated mothers (Bokulich et al., 2016; Dominguez-Bello et al., 2010) . Greater resemblance to microbiota of perineal sites should be evident for vaginally delivered infants, while the similarity with skin microbiota should be greater after Caesarean section. Our study did not find evidence to support this hypothesis: infant microbiota did not resemble own mother's microbiota more than it did microbiota of unrelated mothers, at any site or time point. When the analysis was limited to vaginally delivered infants, no greater resemblance to own mother's microbiota was revealed than to unrelated mothers.
In particular, the similarity between maternal vaginal and infant stool microbiota sampled at day 3 of life was minimal. The fraction of microbiota shared was small even at OTU level, and these results were corroborated by qPCR data. We found no support for the role of maternal vaginal microbiota in the seeding of the majority of the infant gut and nasal microbiota. Dominguez-Bello and colleagues (2010) demonstrated more similarity of the vaginally delivered infant skin, oral and nasal microbiota to the vaginal microbiota of their own mothers compared to that of other mothers. However, in their study most of the sampling was performed minutes after the delivery and the maintenance of the similarity over the next hours, was not described. It is credible that the very transient passage of vaginal microbes through infant gut (or presence at low level as in the concept of keystone species (Faust and Raes, 2012) ) leads to physiological changes and or triggers host response. Yet, transient passage, however consequential, should not be confused with seeding infant gut colonisation. Chu and colleagues (Chu et al., 2017) in a recent study of stool microbiota in 52 infants from the USA, found little difference in similarity to maternal vaginal OTUs between the infant stool microbiome sampled at six weeks relative to delivery mode. In a proof of concept study of 7 infants, Dominguez-Bello et al. (2016) showed that exposure of Caesarean section delivered infants to maternal vaginal microbiota resulted in infant skin microbiota that resembled that of vaginally delivered infants. However, exposure to vaginal microbiota had no impact on the anal microbiota of the infants (their stool microbiota was not investigated). These findings are consistent with minimal impact of maternal vaginal microbiota on infant gut microbiota and potential impact on infant skin microbiota; however, the clinical significance of the infant skin microbiome remains to be explored.
Seeding from maternal intestinal tract is the expected source of infant microbiota. In our study, the similarity between infant stool microbiota to maternal rectal microbiota was more pronounced than infant stool to maternal vaginal microbiota. However, the similarity within mother-infant pairs was not greater than between unrelated pairs, and this was irrespective of the delivery mode. Comparable results were obtained when the transfer from maternal stool and rectal microbiota to infant was assessed in a cohort of 43 infants and their mothers using 16S data (Bokulich et al., 2016) . Although rectal microbiota of mother-infant pairs did resemble each other more than those of unrelated pairs, this similarity appeared only after 4 to 6 months after birth. Its absence in the first 6 months and increased similarity henceforth is more consistent with the fact that infants increasingly share maternal diet from 6 months onwards rather than transfer of gut microbiota at birth. Contrary to expectations, the resemblance in community membership between infant and mother stool microbiota for unrelated mothers was greater than resemblance to the microbiota of own mother. This is surprising, because the presence of identical strains of bifidobacteria strains in both maternal and infant stool was shown using culture and typing methods (Jost et al., 2013; Makino et al., 2015) . Re-analysis using a large study of 100 Swedish infants and a shotgun metagenomics approach (Bäckhed et al., 2015; Nayfach et al., 2016) , may help to explain this counterintuitive result. Nyfach and colleagues (2016), limiting the analysis to vaginally delivered infants, showed the similarity of microbial community within mother-infant pairs was no greater than for unrelated pairs. However, a novel approach using rare single nucleotide polymorphisms to track strains revealed that maternal gut strains were indeed found in their infants. These apparently contradictory results are likely due to the fact that community similarity analysis is based on OTU level. OTUs consist of sequences belonging to one bacterial species but many consist of sequence reads from many different strains. The resolution needed to detect mother to infant transfer of specific strains is therefore lacking. Most detected species are present in a majority of infants and mothers and no particular similarity within mother-infant pairs is detectable. When strains uniquely present in the individuals can be detected, the presence of an identical strain in mother and infant strongly corroborates the hypothesis of some maternal to infant transfer. Definitive tracking of microbial transfer requires strain-level analysis, and community similarity analyses can only provide an overall assessment and exclude transfer when the communities are highly dissimilar, such as was the case in vaginal maternal and infant stool microbiota. In our study, it is likely that employing strain-level analysis would reveal strains shared between maternal rectal and infant microbiota related pairs. However, this would account for a small proportion of the infant gut microbiome because a substantial proportion of infant stool microbiota was divergent from the maternal microbiota in community membership so could not have shared the same strains. This conclusion is unaffected by the limited resolution of the analysis based on sequencing of 16S rRNA gene.
A strong impact of delivery mode on infant microbiota composition in the first weeks of life is consistent with large number of previous studies. However, there was little evidence that differential transfer of maternal microbiota had a substantial influence on infant microbiota composition. This seems like a paradox. One possible explanation is that the labour process and vaginal birth may impact infant physiology leading to the establishment of specific microbiota in the gut. There is emerging evidence that lack of vaginal delivery, and in particular of labour, may interfere with the maturation of immune cells and may change the levels of circulating cytokines (Almanzar et al., 2015; Thysen et al., 2015) . Delivery mode has differential consequences for activation of the foetal hypothalamic-pituitary-adrenal axis, with profound effects on the developing foetal immune system (Yektaei-Karin et al., 2007) . Small differences in the perinatal environment can result in considerable differences in gut microbiota of the neonate. For example, it has been observed that among infants born at term, those with shorter gestational age showed slower maturation of microbiota during early infancy, independently of the delivery mode (Dogra et al., 2015) . Caesarean section often results from underlying problems, which might contribute to the alternation in microbiota of Caesarean-section delivered infants and elective and emergency Caesarean section lead to distinct patterns of microbiota dysbiosis (Stokholm et al., 2016) .
We have described the earliest stage of acquisition of nasal microbiota, and to our knowledge, this study is the first to investigate nasal microbiota very early in life with comprehensive microbiota profiling. The considerable change in infant nasal microbiota from birth to week 3 resulted in marked resemblance to adult nasal microbiota, i.e. domination by Staphylococcus and Corynebacterium as observed previously (Bassis et al., 2014) . This is not surprising as the infant and adult nasal mucosae provide a relatively similar environment to bacteria in contrast to the intestine, where breast milk or formula provide specific substrates for foetal gut microbiota contrasting to the niche offered to the adult gut microbiota. One way in which the infant nasal microbiota differed from that of adults' is the 69% prevalence of colonisation with potentially pathogenic S. aureus, compared with the approximately 30% prevalence usually found in adults (Wertheim et al., 2005) . Our findings are consistent with those of (Mika et al., 2015) where the prevalence of Staphylococceace was highest at the beginning of the observation period in 6 weeks old infants, and then gradually decreased. We found a surprisingly similar microbiota in infant nose to this reported recently for infant nasopharynx (Bosch et al., 2016) , a body site which is close but clearly differentiated in adults, suggesting much less differentiation between the two sites in infants.
A limitation of our study is the unavailability of samples in our cohort that would allow investigation of the gut and nasal microbiota of infants delivered by Caesarean section and breastfed, or those exclusively formula fed in combination with either delivery mode. transmission route of microbes, but no such samples were available. A further limitation is that because we applied stringent quality controls, our sample size was reduced by inability to generate sequencing data from approximately a third of samples, most likely due to low bacterial load. Our qPCR analysis of total bacterial load corroborated previous results showing that the PCR-based profiling of microbiota is reliable with bacterial loads above 10 5 to 10 6 of bacterial genomes per ml Salter et al., 2014) . It has been suggested that many microbiota studies generate erroneous results when the sequencing approach developed for bacteria-rich samples, such as gut or vagina, are applied without modification to bacteria-poor sites (Lauder et al., 2016; Salter et al., 2014; Yong, 2014) . We have not investigated maternal nasal microbiota, which is known to be a frequent source of S. aureus for infants (Peacock et al., 2003) . However, the absence of S. aureus from maternal rectum, vagina and breast skin suggest that transmission from mother to infant would occur directly from the mother's nose and not from other body sites. An additional limitation is that we used maternal rectal swabs to sample the maternal gastrointestinal tract as stool samples were not available. We were able to detect OTUs unique to maternal rectum compared to other maternal sites. Many represented strict anaerobes known to comprise the adult human gut microbiome. However, we expect that the proportions of taxa in the rectal swabs are different to that which would be found in the GI tract and so used Binary Jaccard community similarity metrics which take into account only presence or absence data. Finally, analysis of 16S data using the QIME and MOTHUR pipelines is known to result in calling of spurious OTUs. To minimise these problems we eliminated samples with low DNA content and indeed we detected only 436 OTUs. However, even a sizeable fraction of spurious OTUs would not change the conclusion that there is minimal overlap between maternal vaginal and infant stool microbiota.
In conclusion, we have observed substantial effects of delivery mode and feeding mode on the gut microbiota of the infants accompanied by very limited similarity between infant and own mother's vaginal microbiota, for most infants. This suggests that the impact of Caesarean section on infant gut microbiota composition is not wholly explained by reduced transfer of maternal vaginal microbes. The effect of delivery mode may rather be linked to physiological conditions such as differences in immune maturation and/or differences in the transient priming of the microbiota. Further studies (such as investigation of differential cytokine and hormone levels in cord blood from infants born by different delivery modes) are warranted to disentangle immunological from microbial imprinting. It will be important to explain why a small proportion of infants share the majority of their faecal microbiota members with their mothers but most do not, as well as to investigate other potential sources of early microbial gut colonisers. For instance breast milk may contain viable microbes (albeit in small numbers) at the same time exerting potent prebiotic effect (McGuire et al., 2016) . The interplay of altered gut microbiota composition and immune maturation should be further explored in the context of increased prevalence of chronic immune disorders seen in Caesarean section delivered infants (Sevelsted et al., 2015) .
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